Objective-To investigate the specific sequelae of the Fontan operation, and particularly the potential sequelae of chronically elevated systemic venous pressure. Design-A retrospective analysis of clinical and haemodynamic data and evaluation of organ function in 80 surviving patients undergoing modified Fontan operation for various forms of underlying functionally univentricular hearts. Patients-65 patients (81%) who had undergone a total cavopulmonary anastomosis and 15 an atriopulmonary anastomosis. Follow up ranged from 12 to 106 months (mean 54 (SD 23) months). Results-62 patients underwent postoperative cardiac catheterisation (mean systemic venous pressure 10-5 (2.5) mm Hg and cardiac index 3-1 (0.7) 1lmin/m2). Older age at operation was significantly correlated with both higher systemic venous pressure and lower cardiac index. Atrial arrhythmia was documented on Holter electrocardiogram in 17%. Protein losing enteropathy (with abnormal a,-antitrypsin clearance) was found in 2/80 patients (2.5%). Ten patients had hypoproteinaemia, with a significantly higher incidence in patients after total cavopulmonary anastomosis and young age at operation. Liver function tests reflecting liver synthesis and metabolism were normal in all, whereas mild cholestasis was found in nearly 300/o-predominantly in patients with a cardiac index of < 3 I/min/m2 (P = 0 045). Five patients (6.2%) developed atrial thrombosis. Coagulation factor analysis in 44 patients showed protein C deficiency in 11 (25%); laboratory signs of activation of the coagulation system were found in four of these (9%). None of the abnormal laboratory indices was significantly related to underlying cardiac malformation, postoperative systemic venous pressure, or follow up interval.
Over the past two decades increasing numbers of patients with various forms of functionally univentricular hearts have undergone a modified Fontan operation as a definitive palliative procedure. In most series the recent overall mortality is less than 10%.' 2 The early clinical results are encouraging and for most of the patients a much better functional state can be achieved compared to the preoperative status. As the 10 year survival is expected to be 80%,' regular evaluation of postoperative morbidity becomes more and more important.
Postoperative morbidity has been mainly focused on the need for reoperations, the incidence of postoperative arrhythmias, and the risk of right atrial thrombi and protein losing enteropathy.34 Late deterioration in functional status was found with longer periods of follow up but not in association with preoperative risk factors, suggesting that the Fontan state per se was the main risk factor for the declining functional status. ' We designed a retrospective study that included preoperative and postoperative haemodynamic variables and clinical and laboratory investigations to assess the potential mid-term sequelae of a modified Fontan operation.
Methods

PATIENTS
Between 1986 and 1994, 90 patients with various forms of functionally univentricular hearts underwent one of the modifications of the Fontan operation at our institution. For the 80 surviving patients included in this retrospective study, the preoperative morphological and haemodynamic data, as well as surgical data, are given in table 1. Forty nine patients (61%) presented with a complex form of a univentricular heart with left atrioventricular valve stenosis or atresia, common atrioventricular valve, or associated systemic and pulmonary venous abnormalities. Forty patients underwent an aortopulmonary shunt procedure during the neonatal period. A bidirectional Glenn anastomosis preceded the total cavopulmonary anastomosis in 12 patients.
Preoperative haemodynamic data showed a mean pulmonary artery pressure of 11-3 mm Hg (range 6 to 27 mm Hg). Pulmonary arteriolar resistance was calculated to be more than [2] [3] [4] [5] U/M2 in 10 patients. (table 4) , but patients with a postoperative cardiac index < 3 1/min/m2 had a higher incidence of left sided atrioventricular valve incompetence and a lower preoperative systemic blood flow (P < 0 001). These patients were also older at operation and at postoperative evaluation. Using logistic regression analysis, only lower preoperative cardiac index and being older at operation were predictors of decreased cardiac index at rest.
POSTOPERATIVE MORBIDITY
Fifty three patients (66%) were in sinus rhythm without any signs of rhythm disturbances on Holter ECG, including two of seven patients with atrial isomerism. Atrial arrhythmias defined as sinus node dysfunction (n = 7) and atrial tachyarrhythmias (including atrial flutter and supraventricular tachycardia in seven patients) were documented in 17% of the surviving patients (table 5) . There was no significant relation to preoperative or postoperative haemodynamic data or surgical technique, but there was a correlation with the type of underlying cardiac malformation, with a higher proportion of arrhythmias in patients with tricuspid atresia (P = 0 009). Eleven patients had undergone pacemaker insertion for sinoatrial node dysfunction (n = 3), or preoperative (n = 4) or postoperative (n = 4) atrioventricular block. Protein losing enteropathy was diagnosed in two of the 80 surviving patients, with peripheral oedema and ascites associated with hypoproteinaemia, lymphocytopenia, low immunoglobulin concentration, and abnormal ao-antitrypsin clearance. Diagnosis was made nine and 38 months after cavopulmonary anastomosis. In both patients, the systemic venous pressure at rest was increased to 14 and 16 mm Hg, respectively.
Intra-atrial thrombosis-as diagnosed on postoperative transthoracic echocardiograms-occurred in five patients (6&2%). Two of these patients developed acute symptoms, namely atrial tachyarrhythmias and acutely raised systemic venous pressure; both underwent surgical thrombectomy immediately after diagnosis. Three additional patients were clinically asymptomatic and the diagnosis of intraatrial thrombus was made on routine echocardiogram; they successfully underwent thrombolytic treatment. All five patients had undergone a total cavopulmonary anastomosis. Predisposing postoperative circumstances could be identified in all of them. In threewho had an early postoperative diagnosis of atrial thrombosis in spite of heparinisationthe thrombus was associated with mild obstruction at the cavopulmonary connection, with preoperatively raised pulmonary arteriolar resistance from general hypoplasia of peripheral pulmonary arteries, or postoperative immobilisation due to prolonged pleural Coagulation factor analysis excluded risk factors for thrombophilia in 75% of the patients investigated. Twenty five per cent were found to have a mild decrease of activated protein C concentration (11 patients) or presented with pathological protein C resistance (four patients). Patients with anticoagulation treatment with warfarin had been excluded from postoperative coagulation system analysis. Patients with protein C deficiency had a lower mean serum protein level (63-7, v 69-8 g/l in patients with normal protein C concentration; P = 0 046). Signs of activation of the coagulation system (increased levels of thrombin-antithrombin III complex, prothrombin fragment 1 + 2, and fibrin degradation products) were found in 15 patients. Postoperative routine echocardiography showed an intra-atrial clot (along the patch closure of the right sided atrioventricular valve) in only one of four patients with increased fibrin degradation products Abnormal laboratory findings were not related to the follow up interval (more than or less than 36 months), and none of the variables except lymphocytopenia deviated further from the norm with longer follow up. None of the tested variables was correlated with postoperative systemic venous pressure. In patients with a cardiac index of more than 3 1/min/m2, only the indices of cholestasis were significantly increased (P = 0.02).
Discussion Functionally, the absence of a ventricular pumping chamber for the pulmonary circulation and an increase in systemic venous pressure are the main haemodynamic features after a Fontan procedure. In recent years the preferred type of anastomosis has changed from an atriopulmonary to a cavopulmonary anastomosis, with implantation of an intra-atrial polytetrafluorethylene tunnel patch. In these patients only a small part of the native right atrium is exposed to increased pressure, and the risk of postoperative arrhythmias is thought to be decreased.57 In addition, avoidance of turbulence within the systemic venous channel is expected to reduce the risk of postoperative thromboembolic events.
So far there are not sufficient data available to compare the haemodynamic results in patients after atriopulmonary anastomosis and total cavopulmonary anastomosis. In our study there was no significant difference between the two types of procedure with regard to postoperative mean systemic venous pressure. An increased systemic venous pressure was mainly associated with older age at operation and with preoperatively increased pulmonary arteriolar resistance, as shown before,24 but not with the underlying type of congenital heart defect or the early postoperative systemic venous pressure. For the whole patient group, the mean cardiac index was 3-1 1/min/m'. Thus in comparison with the few other studies4 8 which include postoperative haemodynamic data, our results show relatively favourable postoperative haemodynamics at rest, although nearly two thirds of the patients presented preoperatively with associ-ated systemic and pulmonary venous anomalies or atrioventricular valve abnormalities.
Postoperative morbidity is mainly characterised by atrial arrhythmias, the occurrence of protein losing enteropathy, and intra-atrial thrombus.48-12
Atrial tachyarrhythmias Atrial surgery, the number and course of atrial suture lines placed to create the intra-atrial tunnel, and an increase in mean systemic venous pressure might all be responsible for the 9-44% incidence of atrial tachyarrhythmias during the early and late postoperative period.9 1314 The type of Fontan operation may be relevant for late atrial arrhythmias, and a lower incidence has been found in patients with total cavopulmonary anastomosis.1'5 Probably because of the small number of patients, we were unable to show this in our series. The overall incidence was not related to postoperative systemic venous pressure or to the cardiac index. The sinoatrial node dysfunction found in seven (8'7%) of our patients on postoperative 24 hour ECG, and in three patients who had already undergone pacemaker insertion for sinoatrial node dysfunction, explains the need for close follow up by Holter ECG in addition to electrophysiological investigations.4 1316
Protein losing enteropathy Protein losing enteropathy after a Fontan procedure appears to be caused by intestinal lymphangiectasia secondary to chronically increased systemic venous pressure.17 18 In the early Fontan era, as well as in recent studies, approximately 10% of the long term survivors presented with this disorder.48 Only two of our patients (2.5%) developed clinical and laboratory signs of protein losing enteropathy; both these patients had a mean systemic venous and pulmonary artery pressure of 14 mm Hg. However, asymptomatic hypoproteinaemia and hypoalbuminaemia were observed in 24% and 7%, respectively, suggesting a long term effect of even moderately increased systemic venous pressure. All these patients had undergone a total cavopulmonary anastomosis, suggesting some relation to the non-pulsatile, predominantly respiration dependent flow within the caval veins. There was no significant relation to the underlying cardiac malformation, or to preoperative or postoperative haemodynamic variables.
None of the patients had significant hepatocellular dysfunction, as shown by normal values of liver enzymes. Cholinesterase activity was only reduced in the two patients with clinically apparent protein losing enteropathy, due to intestinal losses. We found a relatively high incidence of mildly impaired excretory liver function postoperatively. There was a significant relation to mean age at operation and to the postoperative cardiac index, as well as to mean systemic venous pressure, but as described before8 there was no relation to duration of follow up.
Atrial thrombus Partial atrial thrombosis was diagnosed by postoperative transthoracic echocardiography in five of our surviving patients (6%). However, it seems that transoesophageal echocardiographic examination is more sensitive, especially in adolescent and adult patients.'9 We were able to identify predisposing haemodynamic abnormalities leading to venous stasis in all five patients. Additional factors predisposing to atrial thrombosis include arrhythmias, reduction of the transpulmonary gradient by restricted systemic ventricular function or atrioventricular valve incompetence, and a preoperative increase in pulmonary arteriolar resistance.420 In patients with increased risk of intra-atrial thrombus, prophylactic heparinisation during the early postoperative period is now followed by anticoagulation treatment with coumarins for at least three to six months postoperatively. The other patients receive aspirin for the same time period.
Coagulation factor abnormalities have already been described, being most frequent and most pronounced in association with protein C deficiency.82' Our analysis was mainly focused on the exclusion of risk factors for thrombophilia and venous thrombosis, as reflected by deficiency of protein C and S and antithrombin III, or pathological resistance to activated protein C.22 Abnormalities in these variables, in association with the special haemodynamic situation after a Fontan-type operation, would expose the patients to a high risk of thromboembolic complications and might indicate the need for vigorous anticoagulation treatment. Twelve of our patients (25%) tested for coagulation factor abnormalities had a reduced protein C concentration; in seven of these, this was associated with a more generalised reduction in serum proteins. Pathological resistance to activated protein C, as found in four patients, needs further investigation to establish the supposed underlying abnormality of factor V synthesis.22 Therefore a very detailed preoperative coagulation factor analysis should be performed in every patient to differentiate hereditary and potentially acquired coagulation factor abnormalities and to judge the postoperative risk of thromboembolic events.
To assess the postoperative activation of the coagulation system we measured the levels of thrombin-antithrombin III complex, prothrombin fragment 1 + 2, and fibrin degradation products.2' Only one of the patients with abnormal values of these indices had evidence of atrial thrombus on a postoperative transthoracic echocardiogram. Four other patients with partial atrial thrombosis had normal values, although in a previous study the levels of thrombin-antithrombin III complex and prothrombin fragment 1 + 2 appeared to correlate with potential thrombotic events in many situations.23 However, our observations suggest that thrombin-antithrombin III complex and prothrombin fragment 1 + 2 values alone are unreliable for predicting potential subacute atrial thrombosis.
CONCLUSION
In this intermediate follow up study we could not identify a constant laboratory pattern typical of patients after a modified Fontan operation. Except in the two patients with protein losing enteropathy, the documented abnormal findings did not have clinical manifestations. However, the high incidence of abnormal laboratory findings indicates the need for detailed postoperative surveillance, as further deterioration in organ function cannot be excluded.
